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Abstract 
Nowadays, several methods to promote a more sustainable distribution of traffic flows are available. In response to 
rising energy costs and increased environmental concerns, eco-friendly route choices can be provided individually 
by means of smart navigation tools that allow several vehicle routing options designed to minimize air pollutant 
emissions and fuel consumption. Simultaneously, the use of intelligent road pricing systems and the use of variable 
message signs can change the route choice process of drivers (and thus network equilibrium), by varying the 
perceived attributes of competing routes. However, so far too little attention has been paid to the fact that the eco-
friendliness of various routes may change, depending on vehicle characteristics which may cause problems on the 
efficiency of these systems. This issue has been empirically addressed in this research, using a database of more 
than 13,330 km of GPS data in six different Origin-Destination (OD) pairs and 9 different routes. Simultaneously, 
two different approaches for estimating (CO2, HC, CO, NOX) emissions were tested: a) second-by-second vehicle 
dynamics, using the Vehicle Specific Power (VSP) instantaneous model; and b) route average speed using the 
EMEP/EEA methodology.  The results show that depending on the characteristics of the routes associated with a 
certain OD pair, the eco-friendly route may differ according to the vehicle model and the emissions estimation 
method. Innovative approaches to provide accurate emissions and eco-routing information are needed.   
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1. Introduction  
In spite of recent technological advances, transportation sector is still producing major impacts on the economy 
and environment. Indeed, the success in decreasing transportation emissions has been lower than desirable due to 
several factors such as the urban sprawl and several obstacles to the market penetration of cleaner technologies. As 
a result, the “Europe 2020” strategy has underlined the relevance of improving the efficiency in the transportation 
networks through the better use of the existing infrastructures. Different measures to promote a sustainable use of 
existing infrastructures may comprise behavioral changes in the operation of vehicles (eco-driving) as well as the 
selection of routes with lower emissions impacts.  Section 2 shows that extensive research has been carried out on 
the potential of eco-routing systems for reducing emissions. So far, however, there has been little discussion about 
1)  if eco-routes are regularly the same among different vehicle types  and ii)  if different methodologies for 
calculating emissions may originate different eco-friendliness route ratings. Using an extensive database of GPS 
data, this paper attempts to contribute by examining these issues in different routes connecting three 
(Origin/Destination) (OD) pairs with very different characteristics. 
2. Literature review  
   Previous literature has highlighted the potential and applicability of a correct route choice as a tool for reducing 
emissions.  Usually the impact of the route of choice in terms of emissions is done using different types of models.  
Several case studies (Benedek and Rilett, 1998; Guo et al., 2013; Zhang et al., 2010) applied emissions models 
based on average speed to estimate the emission impacts of eco-routing strategies. Other authors applied 
instantaneous emissions models to evaluate the impact of route choice in terms of emissions and fuel consumption 
(Ahn and Rakha, 2013; Bandeira et al., 2013; Barth et al., 2007; Ericsson et al., 2006; Frey et al., 2008; Guo et al., 
2013; Gwo Hshiung and Chien-Ho, 1993; Minett et al., 2011; Rilett and Benedek, 1994; Zhang et al., 2010). 
Instantaneous emission models (such as VSP, CMEM, VT-micro) clearly include congestion in the modelling 
process, but for average speed models (such as COPERT), this could not be determined directly (Smit et al., 2008). 
Based on a comparative study performed in a motorway and in an arterial road,  Ahn & Rakha (2008) pointed out 
that use of instantaneous emission models is the most appropriate method to assess different operational traffic 
scenarios. However, Green  et al, (2009)  pointed out that there is insufficient understanding of the uncertainties in 
both types of models as well as the main factors affecting the quality of information.   
 Currently the majority of pre-trip information (e.g. via Google maps, Bing maps, ViaMichelin) and on board 
information devices (e.g. TomTom, Garmin) about an environmentally friendly route is generally provided for a 
generic vehicle (or with basic information about the type of fuel). This information is typically based on link based 
average factors which allow the estimation of fuel consumption or dioxide of carbon (CO2) emissions for different 
paths. However, there is a lack of knowledge about whether the eco-friendly route choice would be different for 
different vehicles models. Moreover, other local pollutants, such as hydrocarbons (HC), carbon monoxide (CO), 
nitrogen oxides (NOX) and particulate matter (PM), have a strong direct impact on human health and usually are 
not considered in this type of analysis.  Different authors have pointed out that frequently the optimal speed profile 
to reduce energy consumption cannot be considered ecologically optimal due to increases in other pollutants such 
as CO and HC emissions (Bandeira et al., 2013; Mensing et al., 2014). A number of researchers have reported the 
importance of considering the vehicle type on implementing eco-routing systems. Using GPS date and  PEMS  
Frey et al., (2008)  have shown that both intra-and inter vehicle variability are significant sources of overall 
variation in emission rates.  Ahn & Rakha (2008)  have also demonstrated that the fleet composition should be  
cautiously examined before executing emissions-optimized assignments which is in line with (Nie and Li, 2013) 
who have numerically demonstrated that vehicle characteristics influence path choice in eco-routing. 
In the context of the AERIS research project, an interface between a vehicle’s on-board diagnostic bus, data 
stream and an on-board energy/emissions model to estimate fuel use has been assessed (Barth and 
Boriboonsomsin, 2012). The authors have demonstrated that once calibrated, this system can provide accurate 
instantaneous environmental information of a specific vehicle to a traffic management centre. This information can 
be applied to adjust different specific Intelligent Transportation Systems (ITS) of the road network such as 
dynamical signal phase, ramp meters or variable speed limits.  However, even considering the recent advances in 
computational speed, the direct use of instantaneous emissions models may not be a feasible solution to estimate 
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and provide real time eco-routing information in large scale networks and covering a broad range of vehicle types.  
This paper attempts to address these issues empirically by considering the driving cycles of probe vehicles in three 
different Origin/destination (OD) pairs and then using two distinct approaches to estimate emissions of different 
vehicle models. The main research questions of this paper are:  
x What level of detail on the characteristics of the vehicle must be incorporated in an eco-routing algorithm to 
obtain consistent qualitative information on eco-friendly routes? 
x How often and for which pollutants, the indication of eco-routes will change according to the emission 
modelling approach chosen? 
3. Methodology  
3.1. Study domain and field tests procedure 
Data to estimate energy and emissions impacts of route choice for different vehicles were collected in there 
different distinct domains. Urban (U), Intercity (I) and Metropolitan (M), An earlier study used this database 
partially set to generate emissions information for a generic Light Duty Gasoline Vehicle (LDGV) (Bandeira et al., 
2013). Table 1 shows the study areas and total distance covered in each domain:. 13,200 km and approximately 
799,200 seconds of data have been collected in both directions. In order to ensure realistic options for all OD pairs, 
the study routes were selected based on a web trip-planning software suggestion (Google-maps). Since results were 
relatively similar in both directions, this paper highlights just one direction per scenario.   
Table 1. Study areas, distance and the period of analysis in each scenario 
Domain Urban  Intercity  Metropolitan  
Location City of Aveiro, Portugal Oporto suburban region Hampton Roads, VA USA 
Period Tue-Thu; 7AM-8PM) Tue-Thu; 7AM-8PM) Tue-Thu; 6AM-8PM) 
OD-Pairs Suburbs (O) - Centre (D)  Aveiro (O) – Oporto (D) Chesapeake (O) – Norfolk (D) 
Nº of routes 3 4 2 
Total Distance travelled (km) 550 11,000 1,650 
 
Field experiments were carried out during typical weekdays under dry weather conditions (February to April of 
2010 and 2012). In Figure 1, the first capital letter identifies the study Domain – Urban (U), intercity (I) and 
Metropolitan (M), and the second lower case letter identifies the dominant type of road on each route: motorways 
(m), highways (h), urban roads (u) and arterial roads (a). Vehicles equipped-with GPS data logger devices were 
employed to collect second-by-second trajectory data required for microscopic analysis. Driving styles and 
behaviour were controlled to match the “average car” driving style (Turner et al., 1998) in which the test vehicle 
travels according to the driver’s judgement of the average speed of the traffic stream.  
Travel time data, second-by-second speed and acceleration data were gathered directly from the GPS data logger 
(the GPS equipment used in this study has an active high sensitivity antenna with accuracy range from 1 to 5 m, 
and a 5 Hz update rate). Altitude data was obtained through a Digital Elevation Model based on the geographic 
coordinates (GPS Visualizer). For 99% of cases, the horizontal dilution of precision (HDOT) was within 2 m.  
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a) b) c) 
Fig. 1. Study routes map: a) intercity (Oporto-Aveiro): Im1, Im2, Ih and Iu; b) Metropolitan (Norfolk-Chesapeake); and c) urban routes (Aveiro: 
centre - suburbs): Um, Ua and Uu. 
3.2. Emissions estimation 
Two different modelling approaches for estimating emissions were tested: a) Instantaneous Emission Model 
(IEM) - Vehicle Specific Power (VSP), for instantaneous speed; and b) Average Speed model (ASM) - 
EMEP/EEA, for average speed (European Environmental Agency - EEA, 2010).  According to Palacios (Palacios, 
1999), VSP is defined as the instantaneous power per unit mass of the vehicle. The instantaneous engine power is 
employed to defeat the rolling resistance and aerodynamic drag, and to increase the kinetic and potential energies 
(KE and PE) of the vehicle. It is equivalent to the product of speed (ݒ) and equivalent acceleration (ܽ), including 
the effects of roadway grade and rolling resistance, plus a term for aerodynamic drag which is proportional to the 
cube of the instantaneous speed (Palacios, 1999). VSP is calculated as follows (Eq. 1). Then for each mode a 
specific emission factor is assigned. Different studies have presented a quantification of average emission rates 
(CO2, HC, CO, and NOX) according to each VSP model for different conventional Light Duty Vehicles (LDV) and 
passenger cars (PC). Table 2 shows the vehicles considered, engine size, mileage and the respective source of the 
emissions factors (ܧܨ).  Regarding the EMEP/EEA methodology, hot emissions (g/km) for Euro 1 and later 
gasoline and diesel passenger cars are calculated as a function of the average speed (v). The generic functions are 
denoted by Eq. (2) and (3). The values for the coefficients of these equations can be found elsewhere (European 
Environmental Agency - EEA 2013). 
 
ܸܵܲ ൌ ݒሾͳǤͳܽ ൅ ͻǤͺͳሺሺ݃ݎܽ݀݁ሻ ൅ ͲǤͳ͵ʹሿ ൅ ͲǤͲͲͲ͵Ͳʹ ൈ ݒଷ                                               (1) 
                                                     
ܧீܨ ௔௦௢௟௜௡௘ ൌ
ܽ ൅ ܿ כ ܸ ൅ ݁ כ ܸଶ
ͳ ൅ ܾ כ ܸ ൅ ݀ כ ܸଶ
 
 
          (2) 
ܧܨ஽௜௘௦௘௟ ൌ
ܽ ൅ ܿ כ ܸ ൅ ݁ כ ܸଶ
ͳ ൅ ܾ כ ܸ ൅ ݀ כ ܸଶ ൅
݂
ܸ 
 
 
          (3) 
During road tests measurements, three different drivers and probe vehicles were used. A key assumption of this 
study is that the results obtained from these probe vehicles represent typical acceleration/deceleration patterns of 
vehicles traveling on these routes. Thus, variations in the distribution of VSP modes associated with different 
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driving profiles are not considered. Accordingly, it is assumed that the main factors affecting emissions are the 
topographical features of each route and local traffic conditions. These assumptions are in line with previous 
research conducted by Bandeira et al. (2013) in the analysed study domain which has demonstrated that the 
selected route was the most significant variable regarding total emissions.  
Table 2. Make, model and characteristics of the considered vehicles for emissions estimation 
 Vehicle characteristics VSP Emission factors 
Reference 
Equivalent 
EMEP/EEA 
Category 
 
Code Make Model Fuel Engine size (l) Year 
 
G0 Generic  LPG* Gasoline <3.5 <2002 
(US Environmental 
Protection Agency - EPA, 
2002) 
- 
DD Citroen Jumper Diesel 2.5 1996-2000 (Coelho et al.2009) Euro II > 2.5 L 
 D1 Skoda Octavia Diesel 1.9 2000-2005 Euro III; 1.4 < 2.0 L 
G1 Volkswagen Polo Gasoline 1.4 2005-2008 Euro IV;  < 1.4 
G2 Nissan Versa Gasoline 1.8 2011 (Frey et al., 2011) Euro V ; 1.4 < 2.0 
G3 Mitsubishi Eclipse Gasoline 2.4 2006 Euro IV;  > 2.0 
*Combined database of on-board facility-specific driving cycles and other standard cycles for different vehicles. 
4. Results 
Firstly, to provide a general overview of travel time and speed on each route some descriptive statistical results 
of these parameters are presented. Then, the results of emissions estimation applied for different models of PCs 
and LDVs are discussed. Finally, the impact of the methodology for emissions estimation is analyzed. 
4.1. Travel Time and average speed 
Table 3 provides descriptive statistics for travel time and average speed observed in each route. Despite the 
greater distance, motorway routes of each OD pairs allow travel time savings and higher reliability. A more 
complete description of these routes in terms of traffic performance at different periods can be found in (Bandeira 
et al. Inpress).   
Table 3. Route length, number of trips (N), and descriptive statistics on travel time (min.) and average speed (km/h). 
 Length (km)  Average Speed (km/h) Travel time (min.) 
Route 
 
N Mean Mean 
Percentile Percentile Standard Coefficient 
 05 95 Deviation of variation 
Im1 77 17 93.4 49.3 47 52 1.6 3.2% 
Im2 77 22 86.1 54.6 49 73 8.9 16.3% 
Ih 84 17 56.6 93.2 80 108 9.6 10.3% 
Iu 75 17 41.4 108.8 96 130 9.6 8.8% 
Ma 23 15 65.6 27.3 23.5 37.2 3.4 12.5% 
Mm 30 15 47.7 26.4 22.9 30.3 2.1 8.0% 
Um 6 26 51.9 7.2 5.2 10.4 1.8 25.0% 
Ua 6 27 42.5 8.4 6.6 10.8 1.4 16.7% 
Uu 4 26 27 8.8 7.1 10.9 1.4 15.9% 
4.2.  Assessing the importance of vehicle characteristics on eco-routing information  
Figure 2 exemplifies for each OD pair, the predicted relative impact in terms of a greenhouse gas (GHG) (CO2) 
and a local pollutant (NOX) emissions for each vehicle travelling among all routes for each OD pair using the IEM 
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approach. All values are normalized by total emissions of the vehicle with the highest emissions among all 
alternative routes for each OD pair (red-striped bars). The green bars represent the best alternative route for each 
individual vehicle whereas the white bars indicate the route and vehicle with lowest emissions levels for each OD 
pair. It must be stressed that the main goal is not to determine which the vehicle/route is the most/less polluting, 
but rather to ascertain whether the information on the most eco-friendly route may change depending on the 
vehicle category or a specific model. 
 
 
Fig. 2. Predicted relative impacts in terms of CO2 (left) and NOX (right) emissions for different vehicles travelling among all routes for each OD 
pair: a) Intercity; b) metropolitan and; c) urban (all results based on VSP methodology). 
As far as CO2 emissions are concerned, it can be observed that for all OD pairs the route that allows CO2 
emissions savings is the same across the full range of vehicles analysed. The only exception takes place in the 
intercity pair where the Light Duty Diesel Vehicle (DD) shows better results on route Iu (slower route) while the 
remaining vehicles minimize their CO2 emissions by selecting the motorway route Im1.  Seemingly this vehicle is 
more fuel efficient during low power conditions but has less comparative advantage during high power conditions. 
For all routes, the diesel vehicle (D1-Skoda Octavia) presents the lowest CO2 emissions levels. This is in line with 
the expectation that diesel vehicles are usually more fuel efficient than gasoline vehicles (Coelho et al., 2009). As 
expected the light Duty vehicle (DD) has the highest emissions levels since is the largest and heaviest vehicle.  
Regarding NOX emissions in the metropolitan and urban scenarios, routes Ma and Uu allow the minimization of 
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NOX for every vehicle. In the intercity OD pair the gasoline vehicles G1 and G2 (Nissan Versa and VW Polo) may 
reduce NOX emissions by selecting Im1, while for the remaining vehicles, the (considerably slower) route Iu is the 
best alternative.  For these vehicles there is also a trade-off between minimizing CO2 and NOX. Similar trade-offs 
were obtained for other local pollutants, such as CO.  
4.3. Impact of modelling approach on eco-routing information 
Figure 3 plots the relative difference in emissions calculated by using an IEM (used as reference) and an ASM. 
CO2 emissions were compared for the entire range of vehicles models analysed. HC and CO emissions were 
compared for gasoline and NOX for Diesel vehicles (the major sources of each pollutant). 
 
 
Fig. 3. Relative differences in emissions calculated by using the VSP methodology (reference) and the EMEP/EEA methodology for each 
vehicle and route.  
It can be expected that the results of the approach based on the IEM (VSP) are more consistent than the estimated 
values from the ASM approach (EMEP/EEA). Indeed, the ASM methodology is unable to consider the influence 
of instantaneous speed and acceleration patterns of each route. Moreover, unlike EMEP/EEA, the VSP modal rates 
have been estimated based on the specific models of the mentioned vehicles.  However, due to the lack of 
experimental data on validation one cannot ensure what is the methodology that gives more realistic results. In 
fact, research has demonstrated that providing the overall accuracy of each model is difficult, as ‘true’ emission 
values are unknown and cannot practically be determined by measurement; this would require constant emission 
measurement of all vehicles in the area and period concerned (Smit et al., 2010). 
Regarding CO2 emissions, the ASM predicts lower CO2 emissions for the Citroën Jumper, VW Polo and Nissan 
Versa estimates higher emissions levels than the remaining vehicles. There is not an evident relationship between 
the average speed of each route and the relative difference between the two approaches to estimate emissions. 
Apparently, the higher differences between the two approaches are more related with the intra variability of speed 
across each route. This effect is even more evident on the estimation of local pollutants. For instance, it is 
notorious that ASM tends to undervalue CO emissions when compared with IEM methodology. To understand the 
source of these differences, Figure 4 shows the instantaneous CO emissions (black line) (based on VSP approach) 
over time, taking into consideration the speed profile of a typical trip in a urban route section (Uu). The blue line 
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indicates the estimated emission based on the ASM, for an average speed of 27 km/h (vehicle - G1). The ASM 
emission factor (EF) is 0.171 g/km which is equivalent to 0.00128 g/s on a time basis for this speed. The exhibit 
shows that if emissions were calculated based on IEM, assuming a constant speed of 27 km/h (null road gradient - 
VSP 1.12 kW/ton - VSP mode 4), the emission rate per unit time would be 0.00067 g/s which is approximately 
half of the emission rate indicated by ASM. In fact, the higher differences are related to the episodes of 
accelerations and higher VSP modes where CO emissions factors can be two orders of magnitude higher. This 
increase in the CO emissions rates could be associated to the increased frequency and duration of ‘fuel 
enrichment” events  (Choi and Frey 2009). As such, higher emission rates are recorded, especially for CO and HC, 
due to insufficient oxygen to oxidize these pollutants. Considering NOX emissions, a similar pattern can be 
observed. This means that ASM often underestimate NOX emissions when compared with the IEM. Regarding HC 
emissions, a different pattern is observed according to the model of the vehicle. The different results can be 
attributed to the characteristics of the ASM whose emission factors are less sensitive to speed and the engine 
characteristics of the gasoline vehicles considered in this study.  
 
 
 
 
 
Table 4. Qualitative information on routes with lower emission levels according to the ASM (A) and the IEM (I) by vehicle 
  
 
CO2 CO NOX HC 
 Route  DD D1 G1 G2 G3 DD D1 G1 G2 G3 DD D1 G1 G2 G3 DD D1 G1 G2 G3 
Im1 I I I IA IA IA A IA I 
Im2 A IA A A A A A 
Ih A 
Iu IA         I   IA IA IA I I     I I   IA A IA 
Ma IA IA IA IA IA IA IA IA IA IA IA IA IA IA IA IA IA IA IA IA 
Mm                                         
Ua                                         
Um A A A A A A I 
Uu IA IA IA IA IA I I IA IA IA IA IA I I I IA I IA A IA 
A - Predicted eco-route based on EMEP/EEA, I – Predicted eco-route based on VSP, IA - on both approaches 
 
Table 4 shows the best eco-route (lower emissions levels) for the five vehicle models, four pollutants, CO2, HC, 
CO, NOX, emissions for the three OD pairs, calculated by the ASM (c) and IEM (I). Thus 60 cases (5*4*3) of 
different types of possible eco-routing information were calculated.  A purely qualitative information system such 
Fig. 4.  Top: speed profiles considered in both approaches to calculate emissions; Bottom: CO emissions over time according to VSP and 
EMEP/EEA approaches.  
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as outlined in Table 4 would indicate different results in about 27% of the situations. 
Regarding CO2 emissions, both methods suggest similar routes with similar characteristics. However, more 
significant differences arise when local pollutants are taken into account. For instance, the IEM predicts that Diesel 
vehicles can minimize NOX emissions when they choose the intercity route Iu (slower option) while the ASM 
model estimates the motorway route (Im2) as the better alternative. Different results are also achieved for gasoline 
and Diesel vehicles in the intercity and urban OD pairs.  The ASM showed similar results for all gasoline vehicles, 
while vsp approach shows that the choice of an eco-friendly route may change depending on the year of 
construction or the engine capacity.  
5. Discussion and conclusions  
This paper contributes by demonstrating the importance of taking into account the detailed vehicle characteristics 
and the emission models to implement eco-routing systems. Taking into account an extensive GPS database 
collected in three different scenarios, CO2 and local pollutant emissions (CO, NOX and HC) were estimated using 
an average speed model and an instantaneous model. 
Regarding CO2 emissions, the results suggest that qualitative information on eco-routes can be offered to take 
into consideration the category of vehicles only. Both methods for estimating CO2 emissions (and fuel 
consumption) have shown similar results. However, for local pollutants, the characteristics of the vehicle (even 
within the same category and fuel) may dictate different strategies for eco-routing pollutants. Similarly, this paper 
adds to the growing weight of evidence that the different methodologies may produce very different absolute 
results with impact on a qualitative indication of eco-routes; i.e. different optimal paths can be provided in 
accordance with the method for estimating emissions. This uncertainty is particularly critical when the suggestion 
of an eco-route implies considerable additional effort (in terms of travel time or costs) for drivers.  
Given the potential lack of accuracy of macroscopic tools and the difficulty in managing traffic data in real-time 
combined with the use of microscopic models, new approaches for estimating emissions are required.  Therefore 
we may conjecture that there may be an optimum level of modelling detail for eco-routing applications. Innovative 
link-based functional relationships between historical speed microscale patterns data of individual vehicles and real 
time macro scale traffic measurements may be developed in order to facilitate integration into innovative eco-
routing algorithms.  In this chapter, studies such as (Bandeira et al., 2014; Barth et al., 2007; Nie and Li, 2013)  
should be considered closely. 
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